Objectives: For T2-weighted abdominal images, homogenous fat suppression (FS) is crucial for diagnosis, but inherent B 0 /B 1 inhomogeneities at 7 T lead to inhomogeneous FS and to tissue signal loss for most techniques. Here, 4 different FS techniques for single-shot fast spin echo were compared, whereby the recently proposed time-interleaved acquisition of modes (TIAMO) was used for the imaging portion of the sequence to reduce B 1 artifacts. Materials and Methods: Fat suppression techniques included a novel method using TIAMO (TIAMO FS: multiple fat-selective 90-degree radiofrequency pulses applied with alternating transmit radiofrequency modes), slice-selective gradient reversal (SSGR), slice-selective smaller bandwidth refocusing pulses (SSB), and the combination of SSGR and SSB with TIAMO FS. Ten volunteers were examined in 6 different ways in the following order: without any FS, with TIAMO FS, with SSGR, SSGR with preceding TIAMO FS, SSB, and SSB with preceding TIAMO FS. For evaluation of the techniques, regions of interests were placed identically for all 6 protocols per volunteer in subcutaneous fat, intra-abdominal fat, organs, and muscle. Overall image quality, artifacts, quality of subcutaneous/intra-abdominal/retroperitoneal FS, and homogeneity of FS were rated over the entire field of view by 2 experienced radiologists using a 5-point scale.
H omogenous fat suppression (FS) is crucial for diagnosis in T2-weighted abdominal images. Because fat is displayed with high signal intensities in single-shot fast spin echo (SSFSE) sequences, diseases also producing high signal intensities may be obscured by the bright fat signal. 1Y5 Because of inherent B 0 and B 1 inhomogeneities, 6, 7 abdominal imaging at 7 T is challenging 8Y11 and complete FS is not easily achieved.
Various FS techniques for magnetic resonance imaging have been introduced over the years. Among others, these include spectrally selective 90-degree saturation pulses (SPS), spectral attenuated inversion recovery (SPAIR), slice-selective gradient reversal (SSGR), sliceselective smaller bandwidth refocusing pulses (SSB), and FS pulse trains, each of which is briefly described in the following paragraphs:
1) In the case of SPS 90-degree radiofrequency (RF) pulses followed by a spoiling gradient, 12, 13 the RF pulses are transmitted on the fat frequency with a bandwidth small enough to not influence the water spins. This technique relies on a homogeneous B 0 /B 1 distribution, which cannot be guaranteed in 7-T body imaging, leading to inhomogeneous FS over large fields of view (FOVs) (Fig. 1) . 14 In addition, the water signal is reduced because of magnetization transfer effects, 15 especially in multislice acquisitions. 2) Another technique called SPAIR (also called spectral adiabatic inversion recovery) is based on spectrally selective adiabatic 180-degree preparation pulses followed by an inversion time aiming for the zero crossing of the fat magnetization. 5, 16 Through the use of an adiabatic RF pulse, this technique is relatively robust against B 1 inhomogeneity if a certain B 1 threshold can be surpassed over the entire FOV (which can be difficult for abdominal imaging at 7 T). Once again, the water signal is reduced because of magnetization transfer effects. B 0 inhomogeneity can also lead to imperfect FS and tissue signal suppression because of induced local shifts of fat/water frequencies.
3) For spin-echoYbased imaging sequences, a technique named SSGR is applicable. 17Y19 Here, the slice selection gradients of the 90-degree excitation pulse and the 180-degree refocusing pulses are applied with opposite polarity leading to opposite directions of the chemical shift, which means that no spin echo is formed from fat. This technique profits from higher field strength because the chemical shift between fat and water (3.5 ppm) gets larger. Fat suppression can be accomplished without additional scan time or specific absorption rate (SAR) contribution. Another advantage of this technique is that it can be combined with other FS techniques that rely on preparation pulses such as 1) or 2). 4) For high-field spin-echo imaging, a recently presented technique takes advantage of the increased chemical shift to omit the fat signal. The duration of the refocusing pulses is prolonged compared with the excitation pulse, whereas the time-bandwidth product (TBWP) is kept constant. In this way, the SSB diminish the amplitude of the slice-selection gradient. The lower gradient amplitude shifts the refocusing bandwidth away from the excited fat signal. 20 It has been claimed that this technique is superior to SSGR because inhomogeneity in B 0 causes the slices to bend in opposite directions during excitation and refocusing when using SSGR, leading to loss in signal-to-noise ratio.
5) More recently, a technique using a train of 3 RF pulses to suppress the fat signal in the presence of B 1 inhomogeneity was presented. 21 Similar to this approach, in the current study, we implemented a technique based on multiple spectrally selective RF preparation pulses alternating between individual transmission modes. We designate this technique time-interleaved acquisition of modes (TIAMO) FS because it is similar to the technique that we generally use for the imaging portion of sequences in abdominal imaging protocols. The principle of TIAMO 22, 23 is to excite at least 2 different B 1 transmission modes using static RF shimming in an interleaved acquisition. Overall signal homogeneity can be improved by exploiting the complementary RF patterns of the different transmission modes.
In this study, TIAMO FS, SSGR, SSB, and the combination of SSGR/SSB with TIAMO FS are compared for 7-T abdominal SSFSE imaging. Because of their previously observed inadequacy and inhomogeneity of FS in abdominal SSFSE imaging ( Fig. 1 ), SPS and SPAIR were not considered in this study.
The rationale of TIAMO FS is that FS pulses played out, for example, in the same modes as used for TIAMO imaging may lead to a more homogenous FS because the TIAMO acquisition itself improves the overall image homogeneity. Because of the B 1 inhomogeneity, flip angles in the order of 90 degrees are reached only in certain areas, so playing out FS pulses multiple times with subsequent spoiling should saturate fat signals. A drawback could be tissue signal loss due to B 0 inhomogeneity. Because SSGR and SSB are FS methods that are not based on preparation pulses, both can easily be combined with TIAMO FS, which should improve the FS of the individual techniques.
MATERIALS AND METHODS
Imaging was performed on a 7-T whole-body system (MAGNETOM 7T; Siemens Healthcare, Erlangen, Germany) equipped with a SC72 gradient coil capable of 70 mT/m of maximal amplitude, 200 mT/m per second of slew rate, and second-order B 0 shims. All volunteer examinations (N = 10) were made with a custom-built 8-channel transmit/receive body coil 24 and a custom 8-channel RF shimming and SAR supervision system capable of fast switching between different RF shim sets (amplitudes and phases). 25 A total of 3 volunteers were scanned with an additional dorsal receive array. 26 For compliance with the International Electrotechnical Commission guidelines, SAR calculations were performed in human adult male and female body models of the Virtual Family (CST Microwave Studio, Darmstadt, Germany). 27, 28 Full-wave simulations were applied with exact dimensions and characteristics of the 8-channel RF coil, and maximum permitted input power levels were calculated from the simulations of the corresponding body models. On the basis of these simulations, a standardized SAR file was integrated into the SAR monitoring system. 25 Measurements were conducted in accordance with all guidelines set forth by the approving institutional review board. Written informed consent was obtained before the examination.
Fat Suppression Techniques
Time-interleaved acquisition of modes FS used multiple fatselective 90-degree (nominal) RF pulses (each 3 milliseconds), each applied with different RF shims (modes) followed by spoiler gradients on each axis. Here, 6 such preparation pulses alternating between the first-and second-order circularly polarized modes (CP + and CP 2+ ) were chosen. A sequence diagram of TIAMO FS with TIAMO imaging is shown in Figure 2 .
Slice-selective smaller bandwidth refocusing pulses used an excitation RF pulse duration of 2 milliseconds (the same duration and TBWP of 1.85 as used for the other techniques), and for refocusing, a duration of 4.1 milliseconds was chosen.
Imaging Parameters
The image acquisition was performed with a 2-dimensional SSFSE using an FOV of 384 mm Â 288 mm and a matrix of 384 Â 288, resulting in a noninterpolated in-plane resolution of 1 mm Â 1 mm, For evaluation of the techniques regarding FS and tissue signal preservation, 12 regions of interest (ROIs) in total were placed identically for all 6 protocols per volunteer in the central slice in subcutaneous fat (6 ROIs distributed around the body contour), intraabdominal fat (3 ROIs in the posterior retroperitoneal space: 1 next to each kidney, 1 ROI in mesenteric fat), organs (2 ROIs, 1 in each kidney), and muscle (1 ROI in the psoas major muscle). The outermost slices were evaluated in the same way, in part, without considering the kidneys because they were not visible in all slices. The measured signals were normalized to the first scan without FS to quantify the differences between the FS techniques in an intraindividual comparison. The imaging with the 6 protocols was performed in succession so that the same B 0 shim and amplifier adjustments could be used, keeping all acquisition imaging parameters the same, which should, in general, lead to the same noise power.
Overall image quality, artifacts, quality of subcutaneous/ intra-abdominal/retroperitoneal FS, and homogeneity of FS were rated over the entire FOV by 2 experienced radiologists using a 5-point scale. The ratings of image quality are as follows: 1, excellent; 2, good; 3, moderate; 4, poor; 5, nondiagnostic. The ratings of artifacts are as follows: 1, no impairment; 2, slight; 3, moderate; 4, strong; 5, nondiagnostic. The ratings of quality of FS are as follows: 1, optimal; 2, sufficient; 3, moderate; 4, insufficient; 5, no FS. The ratings of homogeneity of FS are as follows: 1, homogeneous; 2, nearly homogeneous; 3, moderately homogeneous; 4, insufficiently homogeneous; 5, very inhomogeneous. These ratings were averaged over all volunteers and both radiologists.
To check for statistically significant differences between the different FS techniques, a t test was performed. 21 After these evaluations, to show feasibility, the most favorable FS technique was applied in a different body region (female pelvis, 27 years/85 kg/1.78 m). Fat suppression (intra-abdominal and subcutaneous fat) and tissue signal (back muscle, bladder) was quantitatively evaluated and compared with a protocol without FS.
RESULTS
Comparing the different FS techniques, only SSGR and SSGR combined with TIAMO FS led to a nearly homogeneous FS over the entire FOV and all slices. All other techniques showed severe FS inhomogeneities: areas with very high FS next to areas with nearly no effect on the fat signal. Figure 3 shows the center slices of the sequence variants using the different FS techniques for a male volunteer (same volunteer as that in Fig. 1 ) and a female volunteer. The same results could be observed in all other volunteers. Generally, the outermost slices tended to show more inhomogeneities (Fig. 4) , which was also reflected in the ratings of the effectiveness of the FS techniques. ROIs. In all volunteers, for TIAMO FS, SSGR, and SSGR combined with TIAMO FS, the signal of the psoas major muscle was greater than or only slightly less than 80% (on average, 83.2%, 79.4%, and 77.6% with a standard deviation of approximately 7%), whereas the signal of the kidneys was greater than or only slightly less than 90% (on average, 98.2%, 89.8%, and 92.6% with a standard deviation of approximately 17%). In SSB and SSB combined with TIAMO FS, both tissue signals were relevantly less than 80% in almost all cases (for muscle/kidney, on average, 54.8%/68.3% and 49.7%/61.5% in the combined variant with a standard deviation of approximately 9%). The combination with TIAMO FS led to a mean additional signal loss of 6%. Subcutaneous fat was suppressed best (always less than 20%) with SSGR combined with TIAMO FS and SSGR alone (10.3%/12.8%, on average), whereby the combination reached slightly lower signal values but also tended to cause slightly more tissue signal loss (approximately 2% additional suppression/ loss averaged over all volunteers). Time-interleaved acquisition of modes FS led to suppression of subcutaneous/intra-abdominal fat of approximately 20%/29% (for all volunteers except 1 where 10%/12% was reached; cf Fig. 5A ). The worst suppression for both subcutaneous and intra-abdominal fat was reached with SSB: a reduction to only approximately 40% was possible. For SSB combined with TIAMO FS, FS was, on average, relevantly better than for SSB alone (10.9%/18.5%) and, hence, better than TIAMO FS alone. However, also, tissue signals were significantly smaller compared with all other sequence variants. For all techniques and volunteers, subcutaneous fat could be suppressed slightly better than intra-abdominal fat. Sliceselective gradient reversal and both SSGR/SSB combined with TIAMO FS could reduce intra-abdominal fat to approximately 20% (17.1%, 15.7%/18.5%, on average). Although TIAMO FS alone reached similar (Fig. 5A ) or slightly higher (Fig. 5B) fat signal values, FS was not homogenous over the whole FOV (Figs. 3, 4) . Applying TIAMO FS with more than 6 prepulses did not lead to better results (not shown).
Looking at the outermost slices, the results are quite similar, except that the FS techniques are slightly less effective. Sliceselective gradient reversal performed best regarding FS and tissue signal preservation. For intra-abdominal fat, relative signal values of approximately or less than 20% were reached by SSGR (except for 1 case where only 24% [2%] was reached in the most superior slice). Subcutaneous fat could be reduced by SSGR in every case to less than 17%, averaged over all volunteers to approximately 13%. In all considered slices, tissue signal was greater than or approximately 80% for SSGR, except for 1 volunteer where only 70.0% (6.7%) was reached in the most superior slice.
Considering the overall SAR, the differences between the FS techniques were negligible for 2-dimensional SSFSE because of the high number of 180-degree refocusing RF pulses in the imaging part of the sequence. Except for the techniques working with SSB, as mentioned here, the prolonged refocusing RF pulses are less demanding of SAR.
The evaluation results by the 2 radiologists showed that the overall image quality was rated between 2 and 3 (good to moderate) for all techniques. The sequence that was run without FS was rated 2.3 (0.33) averaged over all volunteers (Fig. 6A) . Although SSGR and SSB combined with TIAMO FS were rated the highest, no relevant difference, compared with the sequence that was run without FS, was detected for any of the techniques.
Artifact level was relatively constant, rated only greater than 2 (slight impairment), with no relevant deviation from the value of the sequence that was run without any FS (Fig. 6A) .
Quality of FS was rated best for SSGR and SSGR combined with TIAMO FS, with no relevant difference between the 2 techniques (Fig. 6B) . Slice-selective smaller bandwidth refocusing pulses received values greater than 4 (insufficient), and SSB combined with TIAMO FS received approximately the same values as that for TIAMO FS alone.
Regarding homogeneity of the FS, SSGR and SSGR combined with TIAMO FS reached the lowest values, whereas SSB was rated relevantly higher for all fat types (Fig. 6C) To test for statistically significant differences between the FS techniques, a t test was performed. The resulting P values provided an estimation for the significance of differences, and P values less than 0.05 can be considered as statistically significant. For tissue signals, the results of the t test showed that there is no statistically significant difference between tissue signal acquired without FS and with TIAMO FS (P 9 0.23). Comparing SSGR with SSGR combined with TIAMO FS/TIAMO FS alone, no significant difference could be found (P 9 0.99/P 9 0.98). Slice-selective gradient reversal combined with TIAMO FS and TIAMO FS alone are not significantly different but only marginal with P 9 0.05. Slice-selective smaller bandwidth refocusing pulses compared with SSB combined with TIAMO FS showed no significant difference (P 9 0.48). Every comparison not mentioned here showed a significant difference or a highly significant difference (P G 0.01) in most cases.
Regarding fat, the results of the t test revealed that SSGR and SSGR combined with TIAMO FS compared with SSB combined with TIAMO FS showed no significant differences (P 9 0.99 for both). The remaining differences were (highly) significant. For the t test results of the qualitative evaluation, mean values averaged over both radiologists and all categories were analyzed. No significant differences comparing SSB combined with TIAMO FS and TIAMO FS alone (P 9 0.99) were found. The same results also apply for SSGR and SSGR combined with TIAMO FS (P 9 0.28).
The differences between the other sequence variants were statistically highly significant.
To show feasibility, the protocol was additionally applied for pelvic imaging in a female volunteer (Fig. 7) . Here, the conclusions made from the FS comparison could be confirmed. For SSGR, the fat 
DISCUSSION
The inherent B 0 inhomogeneities of 7-T abdominal imaging lead to a general loss of tissue signal when using different FS techniques. Techniques that use preparation pulses, such as TIAMO FS, tend to weaken the tissue signal because of B 0 inhomogeneity and magnetization transfer effects. 15 In the version proposed here (using the same 2 modes that are also used for the imaging portion), the technique was not suited to balance the inherent inhomogeneous flip angle distribution (Fig. 3) . Fat suppression could be improved compared with SPS but only in certain areas, simultaneously generating loss of tissue signal (Figs. 4, 5) . Here, calculating individual FS modes based on absolute B 1 maps might lead to better results with this technique. However, because the acquisition of reliable absolute abdominal B 1 maps is currently not easily achieved (because of, among other factors, limited RF power), this variant could not be evaluated yet. Recently, at the 21st Annual Meeting of the International Society of Magnetic Resonance in Medicine 2013, a concept using absolute B 1 + mapping in the abdomen at 7 T was presented. 29 After implementation of such technique, individual FS modes based on absolute B 1 maps could be examined in future studies. In general, one can see that, because of the limited RF power, in the central region of the FOV, only relatively low signal intensities are reached despite the use of TIAMO imaging (Fig. 3) .
Of the techniques that led to satisfying FS with acceptable tissue signal decrease, SSGR was the most favorable technique because it showed the most homogeneous and satisfying FS with no additional preparation pulses being necessary. Here, only the gradient of the 90-degree excitation pulse is switched, together with the spoiling gradient. The following 180-degree pulses are played in the same way as in the other sequence variants. Hence, intensified eddy currents could, at most, influence the first echo. Therefore, the influence of additional eddy currents is not considered relevant. The moderate tissue signal loss may be induced by B 0 inhomogeneities combined with the gradient reversal: the B 0 inhomogeneities leading to the excitation of bent slices and the gradient reversal leading to the refocusing of slices that are bent in the opposite direction, such that the signal of spins that are not in the refocused slice does not contribute to the imaged signal. Here, the implementation of slice-dependent B 0 shimming 30Y32 or the installation of higher B 0 shim orders 33 could lead to a better tissue signal preservation without losing FS abilities; however, ultimately, one has to deal with varying magnetic fields arising from eddy currents.
Slice-selective smaller bandwidth refocusing pulses showed the largest signal decrease for nonfat tissue of all compared techniques. On the one hand, this is mostly caused by the longer TE that has to be chosen to apply the prolonged refocusing pulses. On the other hand, this may be also caused by the improper slice refocusing induced by the different gradient amplitudes that are used for excitation and refocusing pulses that possess different bandwidth. By using slice-dependent B 0 shimming, the latter effect might be reduced. Slice-selective smaller bandwidth refocusing pulses was also the technique with the worst FS. The reason for this may be that the displacement between fat and water induced by the different gradient amplitudes during the prolonged refocusing pulses is not high enough because of the severe B 0 inhomogeneities at 7 T that strongly distort the slice profiles. Apart from using higher B 0 shim orders/ slice-dependent B 0 shimming to ameliorate the B 0 inhomogeneities, the displacement could be improved either by the use of RF pulses with lower TBWPs, which would mean worse slice profiles, or by further prolongation of the refocusing pulses, which would lead to even longer TE and, thus, to overall signal loss in both cases. It has been claimed, at least for head imaging, that this technique would be superior to SSGR. 20 As mentioned here, the refocusing pulses could not be further optimized, and this advantage versus SSGR could not be confirmed. For the chosen imaging protocol, with SSGR, the distance between excited fat signal and refocusing fat bandwidth is intrinsically high because of the change of gradient polarity, without the need to change the RF pulses and/or prolonging TE.
The combination of the FS techniques with TIAMO FS led to a slight improvement in FS in almost all cases (6 of 10) but also to a slight additional loss of tissue signal. Regarding fat signals, SSGR and both SSGR/SSB combined with TIAMO FS led to a sufficient overall FS (Fig. 5) ; however, in the case of SSB with TIAMO FS, the suppression was not homogeneously distributed over the entire FOV because TIAMO FS itself did not lead to a homogeneous FS (Figs. 3, 6C) . Also, SSB and the combination with TIAMO FS caused the largest tissue signal loss of all compared FS variants.
Generally, the outermost slices are more prone to inhomogeneous FS and signal decrease (Fig. 4) because they are farther away from the center and thus suffer more from improper slice refocusing and B 1 /B 0 inhomogeneities. Nevertheless, the conclusions made from the central slice could be confirmed. Even for these outlying slice positions, SSGR would be the most favorable technique because it is only slightly less effective than in the central slices.
The results of the radiologic evaluation (Fig. 6 ) confirmed the observations made by the quantitative analysis (Fig. 5 ) that SSGR and SSGR combined with TIAMO FS did best regarding FS and homogeneity of FS, with both variants reaching values less than or approximately equal to 2 (sufficient/nearly homogeneous), which should be enough to distinguish between fatty tissue and bright lesions. Looking at the overall image quality and artifact impairment, all techniques were rated approximately the same, but no technique was able to reach values less than 2 (good/slight impairment), not even imaging without FS. To further improve image quality, higher amplifier power would be beneficial. Also, choosing a broader slice profile for the refocusing pulses could lead to higher signals.
Only TIAMO FS led to tissue signals that did not differ significantly from imaging without FS. Combining SSGR/SSB with TIAMO FS did not lead to significant additional signal losses. Hence, the effects leading to tissue signal loss did not add up relevantly if FS techniques are combined. Comparing SSGR with TIAMO FS, no statistically significant tissue difference was found, but because the P value was very close to 0.05, it is probable that the difference would get significant if a higher number of volunteers would be examined. Taking also the t test results of the qualitative evaluation into account, where the overall performance of SSGR and SSGR combined with TIAMO FS was significantly better than that of TIAMO FS, the conclusion can be drawn that SSGR is the most favorable FS technique; especially because there was no significant gain by combining SSGR with TIAMO FS.
The additional scan in the pelvis of a female volunteer showed the feasibility of the SSGR FS technique. An evaluation in patients could be examined in future studies.
In summary, this study shows that most FS techniques lead to inhomogeneous FS and to tissue signal loss at 7 T. Of the compared techniques, the most favorable was SSGR because, here, a homogeneous FS with only moderate tissue signal loss is possible. This technique has the additional advantage that it does not depend on additional preparation pulses, thus allowing, in general, for more SAR-and time-efficient protocols, especially if implemented in nonYsingle-shot spin echo sequences where FS pulses are normally applied to a greater extent. Using this FS technique combined with TIAMO image acquisition, delineation between fat and bright liquids in SSFSE images, which is essential for diagnosis, is possible at 7 T.
